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PCardiac Imaging
Effect of Dynamic Flow Rate and Orifice Area
on Mitral Regurgitant Stroke Volume Quantification
Using the Proximal Isovelocity Surface Area Method
Thomas Buck, MD, FACC, FESC,* Björn Plicht, MD,* Philipp Kahlert, MD,*
Ingmar M. Schenk, MD,* Peter Hunold, MD,† Raimund Erbel, MD, FACC, FESC*
Essen, Germany
Objectives This study sought to determine the effect of dynamic variations of mitral regurgitant flow rate (MRFR) and effec-
tive regurgitant orifice area (EROA) on mitral regurgitant stroke volume (MRSV) quantification using 4 different
single-point and time-integral proximal isovelocity surface area (PISA) methods using magnetic resonance imag-
ing (MRI) for reference.
Background Using PISA provides measures of MRFR, but calculating MRSV is challenging because of dynamic variations in
the flow profile dependent on the underlying mechanism of mitral regurgitation (MR). Although various single-
point and time-integral approaches have been described to overcome this limitation, uncertainty exists about the
accuracy and feasibility of these methods in routine clinical practice.
Methods In 73 patients with MR of different etiologies, MRSV was calculated from an apical 4-chamber view using the
following 4 hemispheric PISA methods: 1) PISA-velocity–time integral (VTI)  midsystolic MRFR by PISA  regur-
gitant flow VTI/peak velocity; 2) simplified PISA  midsystolic MRFR/3.25; 3) serial PISA  sum of instanta-
neous MRFRs over serial 2-dimensional frames; and 4) M-mode PISA  time-integral of MRFRs from color
M-mode. The MRSV by MRI was calculated from mitral inflow minus aortic outflow.
Results Single-point PISA methods yielded greater underestimation of MRSV (mean error: 13.3  10.2 ml [PISA-VTI];
13.5  10.3 ml [simplified PISA]), particularly in functional MR, compared with time-integral PISA methods
accounting for variations of MRFR and EROA over time (mean error: 8.0  6.4 ml [M-mode PISA]; 8.7  7.4
ml [serial PISA]).
Conclusions Depending on the underlying mechanism of MR, dynamic variations of MRFR and EROA revealed important limi-
tations of MRSV calculation using single-point and time-integral PISA methods. (J Am Coll Cardiol 2008;52:
767–78) © 2008 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.05.028M
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qccurate determination of mitral regurgitant stroke volume
MRSV) as a measure of left ventricular volume overload is
mportant in patients with mitral regurgitation (MR), espe-
ially because optimal timing of valve repair demands
ccurate assessment of the severity of MR (1–4). The
roximal isovelocity surface area (PISA) method, although
rimarily intended for measurement of mitral regurgitant
ow rate (MRFR) (5–7), has been shown to provide
easures of effective regurgitant orifice area (EROA) and
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ccepted May 21, 2008.RSV (8–12). However, until now, clinical application of
he PISA method has been limited for 2 main reasons: 1) in
ost cases MR is dynamic throughout systole depending on
he etiology (13–15), but the PISA method determines
RFR and EROA only at a single time point, causing
ncertainty over what MRFR or EROA to use for calcula-
ion of MRSV; and 2) because the assumption of a
emispheric PISA only holds for circular orifices, uncer-
ainty exists in cases in which regurgitant orifices are
oncircular or slit-like, most common in functional MR
13,16,17). Although Yosefy et al. (16) recently validated
linical application of a hemielliptic PISA formula for
uantification of EROA taking into account that the
ajority of regurgitant orifices were noncircular, the impor-
ance of dynamic variations of MRFR and EROA on
uantification of MRSV using the PISA method has not yet
een further explored in clinical validation studies. Chen
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Quantification of Dynamic Mitral Regurgitation August 26, 2008:767–78et al. (18) first showed improved
accuracy of mean flow rate calcu-
lated using the M-mode PISA
method compared with peak
flow rate by standard PISA ap-
plication indicating relevant vari-
ation of MRFR and EROA dur-
ing systole. Investigating the
dynamic pattern of MR in differ-
ent etiologies using M-mode re-
cording of PISA, Schwammen-
thal et al. (13) and Hung et al.
(19) found characteristic variations
of MRFR and EROA throughout
systole depending on the mecha-
nism of MR. Importantly, in pa-
tients with typical functional
R, they described a characteristic flow pattern with peak
ow rate in early and late systole and midsystolic trough
aused by improved leaflet coaptation as a cause of peak
idsystolic closure pressure. This dynamic pattern, how-
ver, is most challenging the PISA principle because com-
only the largest PISA in midsystole is used for calculation
f MRFR, EROA, and MRSV, whereas in functional MR
idsystolic PISA is smallest.
We therefore hypothesized that routine clinical estima-
ion of MRSV using a standard single-point PISA method
hould produce significant error in the presence of dynamic
unctional MR. Although prior investigators using either
ingle-point or time-integral PISA methods found signifi-
ant inaccuracy—mainly overestimation—of MRSV, espe-
ially when PISA calculation was based on maximum
ingle-point MRFR (15,20,21), the error of single-point or
ime-integral PISA methods related to different patterns of
ynamic MR has not yet been investigated against an
ndependent reference method. We therefore compared the
ollowing 4 previously described PISA approaches based on
ingle-point PISA measurements or integration of PISA
ver time in 3 distinct MR patient groups with different
tiologies against magnetic resonance imaging (MRI) used
s an independent reference: 1) standard PISA approach
ultiplying single-point MRFR times the ratio of velocity–
ime integral (VTI) and peak velocity of MR flow; 2) a
implified PISA formula multiplying single-point MRFR
y an empirical factor of 3.25; 3) time-integral PISA by the
um of serial PISA MRFR; and 4) time-integral PISA from
olor M-mode recording.
ethods
he study was performed prospectively in 87 consecutive
atients referred for routine echocardiography who showed
ignificant MR in color Doppler mode, and 73 patients
84%) (age 58.4  17.1 years, 41 male, 32 female) had
uitable image and color Doppler quality for this study. The
Abbreviations
and Acronyms
EROA  effective
regurgitant orifice area
MR  mitral regurgitation
MRFR  mitral regurgitant
flow rate
MRI  magnetic resonance
imaging
MRSV  mitral regurgitant
stroke volume
PISA  proximal isovelocity
surface area
VTI  velocity–time
integraleading etiology was functional MR in 37, degenerative or oheumatic in 21, and prolapse in 15 patients. Etiology was
lassified as functional MR based on the characteristic
nding of leaflet tethering and incomplete mitral leaflet
losure in the presence of left ventricular dilatation or
emodeling, but with normal mitral valve anatomy (22,23).
egenerative or rheumatic MR was considered the under-
ying cause in patients with leaflet thickening and sclerosis
r immobility without leaflet tenting or MVP (24). An
VP was considered in cases with systolic mitral leaflet
otion of 2 mm or more beyond the mitral annulus of at
east 1 segment of the anterior and posterior leaflet with or
ithout flail leaflet (25,26). Eccentric MR jets were present
n 8 of 37 patients with functional MR, 6 of 21 patients with
egenerative or rheumatic MR, and 12 of 15 patients with
rolapse. According to standard semiquantitative grading of
R based on color Doppler jet size, vena contracta width,
nd left atrial dilation, 12 patients had mild-to-moderate
R, 28 had moderate MR, and 33 had severe MR (1).
atients with implanted pace makers and defibrillators were
xcluded because of incompatibility with MRI. Echocardio-
raphic studies were performed on a standard cardiac
ltrasound system (Sonos 7500 and IE33, Philips Medical
ystems, Andover, Massachusetts). The study was approved
y the institutional committee on human research, and
ritten informed consent was obtained from all patients
ho agreed to participate in the study.
ISA method. The PISA method is based on the concept
f measuring regurgitant flow within the proximal flow
onvergence zone instead of measuring it at the level of the
mall and irregularly shaped regurgitant orifice. Within
deal conditions, the proximal flow field consists of concen-
ric hemispheric shells of isovelocities. According to the
rinciple of conservation of mass, flow through any of the
emispheric proximal isovelocity surface areas (PISA)
quals the flow through the regurgitant orifice. For practical
pplication, PISA can be visualized by color Doppler
liasing at the Nyquist velocity limit. Instantaneous MRFR
an be calculated by entering the PISA radius (r) into the
emisphere formula 2  r2  the Nyquist velocity v(Ny),
ith the radius measured from the zenith of the PISA
urface to the regurgitant orifice, usually when the PISA
adius is largest during systole.
alculation of MRSV. Extending the basic PISA method,
RSV can be estimated in 2 ways: 1) by mean EROA 
TI of MR flow, with estimation of mean EROA from
ingle-point MRFR; or 2) by integration of MRFR over the
eriod of regurgitation. In the present study we compared 2
ingle-point PISA methods and 2 time-integral methods,
ll based on hemispheric PISA calculation from single-
lane 2-dimensional color Doppler data obtained in apical
-chamber view. An apical 4-chamber view was preferred
ver a parasternal long-axis view to ensure parallel orientation
f the sound waves to regurgitant flow to reduce the Doppler
ngle error (27). All patients were studied in the left lateral
upine position with the baseline shift of the Nyquist level
ptimized to achieve a hemicircular PISA cross section (27).
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August 26, 2008:767–78 Quantification of Dynamic Mitral Regurgitationhe wall filter was kept at the factory default setting “high,”
hich was tested to provide the best color Doppler PISA
epresentation with the least suppression and least oversatura-
ion of color Doppler. For each method, the average time for
cquisition and offline analysis was documented to assess
linical feasibility. All 4 PISA methods were performed
ubsequently within the same echocardiographic study and
ithin 1 h from MRI. No method required special software,
nd therefore could be readily applied with standard mea-
urement tools onboard the ultrasound system. Practical
pplication and calculation of MRSV by the 4 different
ISA approaches was as follows.
ISA-VTI. The PISA-VTI approach describes the standard
ISA approach multiplying single-point MRFR times the
atio of VTI and peak velocity of MR flow (3,8,11,12).
irst, peak MRFR is obtained by using the hemispheric
ISA formula 2  r2  v(Ny) as described earlier
Fig. 1A). Then, assuming the maximal PISA radius oc-
urred simultaneously with midsystolic peak regurgitant
elocity vmax from continuous-wave Doppler recording,
ROA was derived as MRFRpeak/vmax. Assuming that the
alculated single-point EROA represents mean EROA,
RSV was calculated as EROAmean  VTI of MR flow
rom continuous-wave Doppler or
MRSV 
2 · r2 · v Ny · VTI
vmax
In cases of functional MR in which midsystolic PISA was
oo small because of midsystolic mitral leaflet closure (13),
e selected the first PISA radius before midsystole that was
arge enough to be measured accurately.
IMPLIFIED PISA. Based on the PISA-VTI method, prior
tudies empirically determined a relatively constant ratio
etween regurgitant flow vmax and VTI of 3.25  0.47 (28).
herefore, a simplified PISA approach, in which continuous-
ave Doppler measurements could be avoided, was used as
ollows to obtain MRSV:
MRSV 
2 · r2 · v Ny
3.25
As an advantage of the simplification, only midsystolic
ingle-point PISA radius was required for calculation of
RSV.
ERIAL PISA. To account for the dynamic variation of the
ISA radius and MRFR throughout the period of regurgi-
ation (Fig. 1B), MRSV was calculated as the sum of
ingle-frame regurgitant flow volumes derived from single-
rame MRFRs times color Doppler frame duration (14) or:
n 2 · rn
2 · VNyquistMRSV
1 color Doppler frame rate aith n  number of systolic color Doppler frames. Expect-
ng only a limited number of color Doppler frames because
f low color Doppler frame rate, a minimum number of 4
rames with sufficiently large PISA radii were required for
nalysis.
-MODE PISA. Color Doppler M-mode acquisition of
ISA was used before to calculate MRSV either: 1) by
ultiplying mean MRFR by the time of regurgitation, in
hich mean MRFR was calculated by integrating instanta-
eous MRFRs over the period of regurgitation using cus-
om software (13); or 2) based on the mean radius derived
rom the PISA M-mode area divided by its width (18).
owever, MRFR is only proportional to the mean of
quared radii (r2mean) but not to the mean radius squared
rmean)
2, which are different: as a simple example, r2mean of
1  2 cm, r2  3 cm, r3  4 cm equals 9.7 cm
2 whereas
rmean)
2 equals 9 cm2. To account for this, we applied a
ractical approach that simply derives r2mean from a PISA
-mode volume instead of (rmean)
2 derived from a PISA
-mode area using standard measurement tools onboard
outinely used ultrasound systems. Although the following
-mode PISA approach is subject to the basic principle of
emporal integration of instantaneous flow rates, we pro-
ided a brief description of the practical application for
larification of the assumptions we applied. First, we traced
he aliasing border of the color Doppler PISA M-mode
ignal (Fig. 1C). Because in most cases the leaflets were not
raced during color Doppler PISA M-mode registration as
he scan line lies within the orifice, correspondence of the
ower border of the M-mode PISA signal and the leaflet
evel was confirmed by slightly tilting the scan line off the
xis toward the leaflet border. Although the unit of the
orizontal axis of the M-mode signal is time, we assumed the
esulting area to be the long-axis cross-sectional area of a
olume [Vol (M-mode PISA)] in a Cartesian space; the
olume was determined using the disc method with a horizon-
al long axis as given by the following formula (Fig. 1C):
Vol M-mode PISA  h ·
1
n 1
4
 · d2
n which h denotes the disk thickness, which in fact is the
uration between the samples of PISA radii along the
orizontal axis; n denotes the number of disks; and d
enotes the disk diameter. Because d represents the PISA
adius (r) and h  n, in this assumed Cartesian space,
qualled the length of the M-mode PISA along the hori-
ontal axis, and the previous formula could be transformed
s follows to determine r2mean:
r mean
2 
4 · Vol M-mode PISA
 · length PISA
Note that by using the M-mode PISA volume, this
lgorithm allowed calculation of the true mean of squared
770 Buck et al. JACC Vol. 52, No. 9, 2008
Quantification of Dynamic Mitral Regurgitation August 26, 2008:767–78Figure 1 Principles of PISA Methods
Case example of a 17-year-old patient with severe dilated cardiomyopathy and functional MR. (A, top) The PISA-VTI method; midsystolic PISA at a Nyquist setting of
15.4 cm/s in 4-chamber view with PISA radius r for calculation of MRSV (14.9 ml) (right). (A, bottom) Continuous-wave Doppler spectrum of regurgitant flow with
determination of peak velocity (Vmax) and VTI. (B) Serial PISA method. Six serial PISAs throughout systole at a frame rate of 18 frames/s, with calculated MRSV of 22.2
ml (right). Note the decrease of PISA size in midsystole. (C) M-mode PISA method. M-mode registration of PISA with typical midsystolic trough. The gray curved line indi-
cates the leaflet level. The white box illustrates volumetry of the M-mode PISA by method of discs (using Philips EnConcert offline analysis software, Philips Medical Sys-
tems, Andover, Massachusetts) to derive r2mean. Calculated MRSV was 27.9 ml. Length (PISA)  length of M-mode proximal isovelocity surface area in cm; MR  mitral
regurgitation; MRSV  mitral regurgitant stroke volume; PISA  proximal isovelocity surface area; t (PISA)  time of mitral regurgitation duration in seconds; Vol (PISA)
 M-mode proximal isovelocity surface area volume in ml; VTI  velocity–time integral.
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2
mean can virtually be derived from
n infinite number of instantaneous r2 because it is derived
rom a PISA M-mode volume divided by the length of the
olume. By using the vertical pixel calibration, which is the
-mode spatial dimension for the pixel calibration of the
orizontal axis, which normally is time, this method simply
vercomes the limitation that onboard conventional ultra-
ound systems no software for integration of individual disks
escribed by 1/4  r2 over time exists. In our approach the
imension of the horizontal axis cancels out when comput-
ng r2mean, so it is unimportant whether it is time or spatial
imension. Entering r2mean into the PISA formula, we
btained mean MRFR, which, multiplied by the time
nterval (t) of the PISA M-mode signal, provided MRSV:
MRSV  2 · r mean
2 · v Ny · t PISA
By replacing r2mean we derived the following formula,
onsisting of parameters simple to measure:
MRSV 
8 · Vol M-mode PISA · v Ny · t PISA
length PISA
Using this formula, MR volume calculation only required
easurement of volume, length, and duration of the PISA
-mode signal.
EFINITION AND DETERMINATION OF DYNAMIC VARIATION
F MRFR AND EROA. To determine the effect of dynamic MR
n the calculation of MRSV, we differentiated 3 patterns of
ynamic variations based on color Doppler M-mode recording
f PISA as previously described (13): 1) a convex pattern with
midsystolic maximum of the PISA radius typically found in
egenerative MR, flail leaflet, or prolapse; 2) a pattern of nearly
onstant PISA radius throughout systole common in rheu-
atic and degenerative MR; and 3) a concave pattern with an
arly and end systolic maximum of the PISA radius and a
idsystolic trough as typically found in functional or ischemic
R. For further analysis, patients were divided into 3 groups
ccording to the 3 different patterns of MRFR dynamics
rimarily based on visual assessment of the M-mode PISA
hape, assuming a ratio of midsystolic to mean MRFR
MRFRmid/mean)1 to indicate convex variation of MRFR, a
atio of 1 indicating constant MRFR and a ratio1 indicating
oncave variation of MRFR.
Because MRSV is determined by the product of mean
ROA VTI, in which VTI is an unambiguous parameter
n each patient, effects of dynamic variations of MRFR and
ROA on the accuracy of the 4 PISA approaches should be
irectly detected by the error of calculated mean EROA
ompared with true mean EROA. Thus, values of calcu-
ated mean EROAs for each method were obtained from
ividing calculated MRSV by VTI, VTI being the same for
ll 4 PISA methods in each individual patient. Reference
alues of instantaneous EROAs were derived from super-
osition of M-mode PISA and continuous-wave Doppler aignals and dividing instantaneous MRFR by the simulta-
eous continuous-wave Doppler velocity. From this refer-
nce PISA approach, mean EROA reference was then
etermined as the mean of instantaneous EROAs.
RI. The MRSV was obtained by MRI as mitral inflow
inus aortic outflow from phase-velocity maps using a
tandard 1.5-T cardiac MRI system (Magnetom Sonata,
iemens Medical Systems, Erlangen, Germany). Phase-
ontrast cine acquisitions were obtained in planes aligned
ith the mitral annulus and orthogonal to the mid-
scending aorta (29). An electrocardiogram-triggered free-
reathing through-plane phase-contrast sequence (repeti-
ion time 25 ms; echo time 4.8 ms; flip angle 15°; matrix
29  256; 4 averages) was used. A square field of view of
00 mm rendered a voxel size of 2.5  1.6  5.0 mm3. The
elocity-encoded value was set at 150 cm/s for mitral inflow
nd 250 cm/s for aortic flow. By manually drawing regions
f interest over the appropriate flow areas, phase-contrast
elocity maps were acquired, integrated over time, and
ubtracted using built-in software (Argus, Siemens).
tatistical analysis. The MRSV values measured by the 4
ifferent approaches were indicated as mean values  SD
nd compared with MRI reference values using linear
egression analysis. Agreement was assessed by plotting
ifferences against the mean of calculated and reference
alues (30), comparing mean differences to 0 by t test using
5% significance level. Interobserver variability of MRSV
easurements of all 4 PISA methods was determined by the
ean difference and SD of the differences from 2 indepen-
ent measurements performed by 2 observers as well as
orrelation coefficients from linear regression analysis, re-
pectively. Statistical significance of mean interobserver
ifferences was tested versus 0 by the t test.
esults
n all patients, the 4 PISA approaches could be successfully
pplied. In the apical 4-chamber view, hemicircular PISA
ould be obtained in the proximal flow field in all patients,
ndependent from jet eccentricity. Hemodynamic conditions
easured by heart rate and blood pressure varied not signifi-
antly between the echocardiography study and MRI (83 
4/s vs. 87  16/s; 127  11/84  6 mm Hg vs. 125 
2/83  8 mm Hg). In each individual patient the same
yquist limit was applied for all 4 PISA approaches; Nyquist
elocities in all patients ranged between 12 and 61 cm/s
39.5  13.6 cm/s). Average color Doppler frame rate during
erial PISA recording was 15.9 1.7 s1. For the ratio of peak
egurgitant velocity over VTI used in the simplified PISA
pproach, we found a similar value of 3.16  0.53 s1
ompared with 3.25 47 s1 determined by Rossi et al. (28).
Average acquisition and offline analysis time was shortest for
he simplified PISA method (t  92  7 s), followed by
ISA-VTI (t  113  15 s), serial PISA (t  178  40 s),
nd M-mode PISA (t  244  70 s). For serial PISA an
verage number of 7.6  2.1 systolic frames with appropriate
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Quantification of Dynamic Mitral Regurgitation August 26, 2008:767–78ISA representation could be analyzed. For MRI total acqui-
ition time was 38 9 min with an extra 14 3 min for offline
anual tracing and analysis.
Over all patients and mechanisms of MR, M-mode PISA
orrelated and agreed best with MRI with the smallest mean
rror (r  0.88, SEE  4.8 ml, mean error  8.0  6.4
l) followed by serial PISA (r 0.83, SEE 5.9 ml, mean
rror  8.7  7.4 ml). For PISA-VTI (r  0.64, SEE 
.4 ml, mean error  13.3  10.2 ml) and simplified
ISA (r  0.63, SEE  7.4 ml, mean error  13.5 
0.3 ml) we found to have a poorer correlation with MRI
ith a larger mean error (Fig. 2). For all 4 PISA methods,
e found significant systematic underestimation (p 
.0001) of MRSV most likely because of underestimation of
emielliptic PISA surfaces by the hemispheric PISA for-
ula. However, we observed significant differences in un-
erestimation related to the pattern of dynamic MR, with
ignificantly larger underestimation of MRSV by all 4
ethods in patients with functional MR (Fig. 2).
Interobserver variability of MRSV measurements was satis-
actory, with the mean difference not significant versus 0 by t
est for all 4 PISA methods and good correlation coefficients
M-mode PISA: r  0.91, mean difference  1.0  5.4 ml;
erial PISA: r  0.82, mean difference  2.3  6.9 ml;
ISA-VTI: r  0.83, mean difference  1.1  6.4
l; simplified PISA: r 0.89, mean difference 2.5 5.7 ml).
ynamic variation of MRFR and EROA. Based on the
isual aspect of the dynamic variation from M-mode PISA
egistration as well as according to the ratio MRFRmid/mean,
2 of 73 patients were found with a concave dynamic
attern (MRFRmid/mean  0.51  1.8), 19 of 73 with a flat
attern (MRFRmid/mean  0.95  1.5), and 22 of 73 with a
onvex pattern (MRFRmid/mean  1.4  1.2). Importantly,
ll patients with a concave pattern had functional MR,
atients with a convex pattern had predominantly degener-
tive or rheumatic MR (10 of 22) or prolapse (10 of 22)
only 2 of 22 had functional MR), and 11 of 19 patients
ith a flat pattern had degenerative or rheumatic MR, 5 of
9 had prolapse, and 3 of 19 had functional MR.
ISA-VTI and simplified PISA. Based on the analysis of
alculated mean EROA versus mean EROA reference for
he 3 patterns of dynamic MR, when using single-point
ISA methods we found significantly greater underestima-
ion of mean EROA in cases with a flat (PISA-VTI:
0.06  0.02 cm2; simplified PISA: 0.06  0.03 cm2) or
concave pattern of dynamic MR (0.07  0.05 cm2;
0.07  0.06 cm2) compared with a convex pattern
0.02  0.03 cm2; 0.03  0.04 cm2) (Fig. 3). That was
ecause dividing MRFR derived from midsystolic PISA by
idsystolic peak regurgitant velocity in a flat pattern of
-mode PISA provided instantaneous EROA, which was
mallest in midsystole and therefore underestimated the true
ean EROA (Fig. 4A), that effect being even stronger in a
oncave pattern (Fig. 4C). As a consequence, a similar
nderestimation was found for values of calculated MRSV
y PISA-VTI and simplified PISA, respectively (flat: t9.0  2.7 ml, 9.1  3.4 ml; concave: 10.8  6.3 ml,
11.0  6.8 ml; convex: 3.1  4.6, 3.8  5.3 ml) (Fig.
). Importantly, in cases with a flat pattern of M-mode
ISA underestimation of the mean EROA could be nearly
liminated by dividing midsystolic MRFR by mean regur-
itant velocity (derived from VTI divided by MR duration)
nstead of peak velocity. By this approach, the error of mean
ROA could be reduced to0.02 0.03 cm2 and the error
f MRSV to 2.8  2.5 ml, MRSV simply estimated as
idsystolic MRFR  MR duration.
-mode PISA. For M-mode PISA we found only a slight
nderestimation of mean EROA that was similar for all 3
atterns (mean error:0.02 0.01 cm2), the underestimation
rimarily caused by the mathematical difference between di-
iding calculated mean MRFR by mean regurgitant velocity
time interval of regurgitation/VTI) to obtain mean EROA
ersus calculating mean EROA as the mean of instantaneous
ROAs as done by the reference PISA method. Errors of
RSV by M-mode PISA were also small and not significantly
ifferent between the 3 patterns (concave: 2.0  2.2 ml;
onvex: 2.3  1.7 ml; flat: 2.3  2.1 ml).
erial PISA. Although serial PISA calculation of instan-
aneous MRFRs, in principle, should agree with reference
RFRs, it was limited by the number of 2-dimensional
ISA measurements (7.6  2.1), causing an inaccurate
epresentation of the dynamic variation of regurgitant flow
Figs. 4A to 4C), and thus larger variability of mean EROA
nd MRSV (Fig. 3). However, no significant differences
etween the 3 patterns of MR were found (mean errors,
oncave: 0.03  0.03 cm2, 3.8  4.0 ml; convex:
0.01 0.04 cm2,2.1 4.6 ml; flat:0.02 0.02 cm2,
3.8  3.6 ml).
It must be noted that this analysis was not affected by the
nderestimation of MRSV resulting from hemispheric
ISA assumption, because reference values of MRFR,
ROA, and MRSV were derived from M-mode PISA
ignals using hemispheric PISA calculation as well. How-
ver, underestimation of hemiellipsoid proximal flow con-
ergence zones by hemispheric PISA might significantly
ontribute to the underestimation of MRSV by M-mode
ISA compared with independent reference values, partic-
larly in patients with functional MR, in whom a concave
ynamic MR pattern and nonhemispheric PISA is common
Fig. 2).
iscussion
n the present study, we found underestimation of MRSV
y all 4 PISA methods compared with MRI. This under-
stimation was more severe for the 2 single-point methods,
ISA-VTI and simplified PISA, compared with the 2
ime-integral methods. As an explanation for the observed
ifferences of errors, we could show that for single-point
ethods underestimation of MRSV was critically depen-
ent on dynamic variations of MRFR and EROA, and
herefore on the single PISA frame selected for MRSV
773JACC Vol. 52, No. 9, 2008 Buck et al.
August 26, 2008:767–78 Quantification of Dynamic Mitral RegurgitationFigure 2 Comparison of MRSV by the 4 PISA Approaches to Reference Values by MRI
(Left) Linear regression analysis; (right) Bland-Altman analysis of agreement. Data point symbols and regression line patterns: triangles and dash-dot line  convex
dynamic MR pattern; squares and long-dashed line  flat pattern; circles and short-dashed line  concave pattern; solid line  total regression line over all 73 mea-
surement results; thin medium-dashed line  line of identity (y  x). MRI  magnetic resonance imaging; other abbreviations as in Figure 1.
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Quantification of Dynamic Mitral Regurgitation August 26, 2008:767–78Figure 3 Comparison of MRSV and EROA by the 4 PISA Approaches to PISA Reference Values
For data point symbols and regression line patterns, see Figure 2. Abbreviations as in Figure 1.
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ean EROA by VTI as a factor, therefore, underestimation
f MRSV was a result of underestimation of mean EROA
y single-frame EROA. As a consequence, for single-point
ethods, underestimation of MRSV was most severe in
ases in which midsystolic EROA was small compared with
arger EROA in early and late systole as typically found in
unctional MR with incomplete mitral leaflet closure
13,22). However, using the maximal PISA radius during
ystole and peak velocity when they do not occur at the same
ime will yield significant overestimation of mean EROA
nd MRSV in a concave dynamic MR pattern as present in
Figure 4 Plots of Dynamic Variations of MRFR, Regurgitant Ve
(A) Flat pattern with constant PISA radius in a patient with degenerative MR. (B) C
MR. (C) Concave pattern with midsystolic trough of PISA radius in a patient with fu
neous EROAs (triangles), those being derived from superposition of M-mode PISA
the simultaneous continuous-wave Doppler velocity (circles) as shown in the left t
ence mean EROA  VTI. Values of calculated mean EROAs by PISA-VTI, M-mode P
posed to PISA reference values, respectively. Because MRSV results for PISA-VTI a
PISA-VTI. Note that only the convex M-mode PISA pattern (B) is ideal for single-poi
the period of regurgitation. In the flat and concave patterns (A, C) there is a stron
EROA by single-point PISA. The concave pattern (C) causes the greatest error of s
systole is used instead of midsystolic PISA radius (encircled midsystole MRFR). ER
abbreviations as in Figure 1.unctional MR (Fig. 4C). Thus, in cases with a concave vynamic pattern of M-mode PISA, single-point PISA
pproaches are in principle incapable of selecting the time
oint at which PISA MRFR divided by regurgitant flow
elocity estimates mean EROA correctly, and therefore,
RSV calculation will be inaccurate. As shown, limita-
ions of single-point PISA calculation could be overcome
y the use of time-integral methods. Thus, MRSV
alculation was most robust and accurate by a simplified
-mode PISA approach. This method was only limited
y the mild systematic underestimation of mean EROA
hat occurs from the mathematical difference between
ividing calculated mean MRFR by mean regurgitant
, and EROA in 3 Different Patterns of Dynamic MR
pattern with midsystolic peak of PISA radius in a patient with post-myocarditis
al MR. Reference mean EROA (ref) was determined as the mean of instanta-
ontinuous-wave Doppler signal and dividing instantaneous MRFR (squares) by
d second top panel. The MRSV by PISA reference approach is derived from refer-
d serial PISA were obtained by dividing calculated MRSV by VTI and superim-
plified PISA were very similar, analysis of dynamic variations is only shown for
A applications because instantaneous EROAs are relatively constant throughout
mic variation of instantaneous EROAs preventing correct estimation of mean
oint PISA, particularly when the largest PISA radius (encircled peak MRFR) during
effective regurgitant orifice area; MRFR  mitral regurgitant flow rate; otherlocity
onvex
nction
and c
op an
ISA, an
nd sim
nt PIS
g dyna
ingle-p
OA elocity instead of calculating the mean of instantaneous
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tudy for reference values of mean EROA. Another
ime-integral method, the serial PISA approach, calcu-
ating MRSV as the sum of serial MRFRs by 2-dimensional
ISA, however, was limited by technically demanding serial
ISA measurements and low color Doppler frame rate.
Overall, although practical application of single-point
ISA methods was easier and less time demanding, under-
stimation was significantly greater compared with time-
ntegral methods, which are technically more demanding
nd time-consuming but more accurate because they ac-
ount for the dynamic variations of MR.
As an important finding, all 4 PISA approaches yielded
reater underestimation of MRSV reference values obtained
y MRI than was expected from comparison with the PISA
eference method. For example, M-mode PISA only mildly
nderestimated MRSV by the PISA reference method,
hereas underestimation of MRSV by MRI was significant.
mportantly, as shown in Figure 2, underestimation mainly
ffected patients with a concave MR pattern, all of whom
ad functional MR. We therefore explained the underesti-
ation by the fact that all 4 PISA approaches as well as the
ISA reference method were based on hemispheric PISA
btained in a single-plane apical 4-chamber view, which
ncompletely represented more hemielliptic PISA shapes, as
ypical in functional MR with noncircular or slit-like regur-
itant orifices along the leaflet commissure (16,31). How-
ver, considering an ideal approach that accounts not only
or dynamic variations in the vertical dimension of a
emispheric PISA as accomplished in our study but also for
he horizontal width of a hemielliptic PISA in 2 orthogonal
iews by combining the M-mode PISA approach and the
emielliptic PISA formula could not be realized in the present
tudy, because simultaneous biplanar or 3-dimensional acqui-
ition of hemielliptic PISA dimensions and M-mode PISA
cquisition was not possible.
rior work. Although quantification of MRFR and
ROA using the PISA principle for the evaluation of MR
everity has been the subject of a number of prior studies
5–7,9,10), only a few have investigated PISA for quantifi-
ation of MRSV to date. Rivera et al. (32) first described the
ractical application of a standard single-point PISA
ethod for calculation of MRSV in a way that the largest
ISA radius during systole was determined under the
ssumption of its coincidence with peak regurgitant velocity
t midsystole. Other investigators adopted this approach
3,11,12,21,28) despite the fact that because of a different
ynamic pattern of MR the largest PISA radius does not
oincide with midsystolic peak regurgitant velocity in all
ases, as shown by Schwammenthal et al. (13) and con-
rmed by our study results. The assumption of coincidence
f the largest PISA radius and peak regurgitant velocity was
undamentally violated in functional MR, in which the
ISA radius is largest in early and late systole when
egurgitant velocity is lowest, and the PISA radius is
mallest when regurgitant velocity is highest in midsystole. tn fact, when the PISA method was initially used for
alculation of peak MRFR, it was more obvious to measure
eak MRFR from the largest PISA radius during systole.
owever, for calculation of MRSV, the midsystolic PISA
adius must be used regardless of whether it is largest or not,
s shown by our study results.
In view of prior study results, clinical validation of
uantification of MRSV by PISA was limited by the
bsence of an accurate and independent reference technique.
uantitative methods used for comparison, such as the
uantitative Doppler method (11,13,18,28,32) or combined
hermodilution and quantitative angiography (8,21), were
imited by indirect measurements of regurgitant flow prone
o error, whereas angiographic grading did not provide
bsolute values of MRSV (11,13,33). Compared with this,
RI provides accurate estimates of MRSV from direct
easurements of mitral inflow and aortic outflow from
ntegration of flow over flow cross-sectional area and time
29,34), which can be used for reference in clinical studies
35). Comparison of prior study results with current results
btained using MRI for reference revealed 2 important
ifferences: 1) although in most prior studies agreement
11,28), mild overestimation (13,18), or mild underestima-
ion (8,31) was found between MRSV by PISA and
omparative methods, and significant overestimation was
ound in one study (21), we found significant underestima-
ion for all 4 PISA methods, but of a different degree
epending on the PISA method used and the mechanism of
R (Fig. 2); and 2) although patients with severe MR
ased on common clinical, angiographic, and color Doppler
riteria were included in the present study, MRSV ranged
nly up to 64 ml, compared with ranges of up to 101 to 230
l in previous studies (11,13,18,21,28). As shown in the
resent study, overestimation of MRSV by single-point
ISA in prior studies could potentially be explained by the
act that the largest PISA radius during systole did not
ecessarily coincide with the midsystolic peak regurgitant
elocity.
tudy limitations. To determine the error of each PISA
pproach caused by dynamic variations of MR, we had to
se an echocardiographic reference method for calculation
f instantaneous MRFRs and EROAs because, currently,
o independent technique exists that provides the dynamics
f MRFR and EROA. On the other hand, because the
ISA reference method was based on hemispheric PISA as
ell, it was ideally suited for determination of the error of
he mean EROA of each PISA approach because the
otential error from misrepresentation of nonhemispheric
ISA was excluded. As stated in the introduction, it was not
he purpose of this study to explore potential errors of the
ISA approaches because of geometric assumptions of the
ISA shape. Also, an ideal approach accounting for both
spects, dynamic variations of MR and shape of the PISA
urface, currently does not exist, because biplane or real-
ime 3-dimensional acquisition does not provide determi-
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esolution.
We used MRI for reference because it is considered to be
he most accurate independent reference method currently
vailable. Other methods, such as angiography or thermodi-
ution, are limited because of qualitative grading with high
bserver variability or inaccurate measurements of MRSV
21,33). However, only a few validation studies on MR flow
easurement using MRI exist, mainly because of the
navailability of a reference method independent of MRI.
low quantification of MR by MRI, although potentially
imited by indirect measurement from mitral inflow minus
ortic outflow, has previously been shown to provide satis-
actory low scattering of differences between mitral inflow
nd aortic outflow (mean difference: 1  3 ml) in patients
ithout MR (34). However, because MRI has only been
alidated to provide measures of MRSV but not EROA,
nly absolute values of MRSV could be used for validation
f the 4 PISA approaches, although EROA has recently
een shown to be an important parameter for determination
f the severity and prognosis of MR (3,4).
In the present study, the simplified M-mode PISA
pproach could only be performed offline, requiring
-dimensional calibration of the M-mode image because
he ultrasound system did not allow onscreen volume
alculations using the disk method while in M-mode
odus. This, however, could be readily implemented into
xisting ultrasound systems.
ractical implications. According to our findings, accu-
acy of the different single-point and time-integral PISA
pproaches is critically dependent on the dynamics of
RFR and EROA in each individual patient. We therefore
erive the following procedure for quantification of MRSV
sing the PISA method. Before the application of a PISA
ethod, information on the dynamics of the PISA radius
hould be obtained either from cine 2-dimensional color
oppler imaging or, better yet, from M-mode PISA re-
ording. Based on this, the following approaches are pro-
osed: 1) given that the PISA radius is constant throughout
he period of regurgitation, MRSV can be calculated by
idsystolic single-point PISA using the mean regurgitant
elocity (VTI/MR duration) instead of the peak regurgitant
ow velocity; 2) given that dynamic variation of the PISA
adius is convex (increasing–decreasing), midsystolic peak
egurgitant velocity and simultaneous maximum PISA ra-
ius can be used for single-point estimation of mean EROA
nd MRSV; and 3) in cases with a concave (decreasing–
ncreasing) PISA radius variation, no single-point PISA
pplication can be recommended, therefore a time-integral
ethod should be used. Note that the most accurate
emispheric PISA approach accounting best for dynamic
ariations would comprise the time integral of instantaneous
roducts of EROA times velocity as performed to obtain
ISA reference values in this study. Practical application of
his approach, however, would require onboard software
mplementation including automated synchronization anduperposition of M-mode PISA and continuous-wave
oppler MR flow velocity recordings.
onclusions
n our study, accuracy of the PISA method for estimation of
RSV was highly dependent on dynamic variation of
RFR and EROA and the underlying mechanism of MR.
naccuracies caused by dynamic variations were most signif-
cant when commonly used single-point PISA methods
ere applied in patients with functional MR. However,
ffects of dynamic MR could be overcome by time-integral
ISA approaches, which were shown to be significantly
ore accurate but technically demanding. Thus, because
here is a need for accurate quantitative assessment of the
everity of MR, application of the PISA method for
uantification of MRSV should account for dynamic vari-
tions of MR that have been neglected in the past.
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